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The view is current in the fiterature on the physiological action of 
radium radiations that these rays produce their effects by altering the 
metabolism of the tissues exposed to them.  The basis for this view 
appears  to be the observation  that  exposure to radium  changes the 
rate of cell division and growth.  If the term metabolism is to be used 
in describing the reaction of organized matter to any reagent, in order 
to attain  analytical significance it must be defined in terms of some 
definite  set  of  chemical  transformations.  We  have  consequently 
carried out a  series of experiments designed to test the effect of the 
B-rays  of  radium  on  those metabolic  processes which  result  in  the 
production of COs and to demonstrate whether any correlation exists 
between alterations produced in these activities and the ability of the 
protoplasm to take part in cell division and growth. 
It is essential for such an experiment to select material which will 
enter into  some well defined growth process,  and  of which  the  CO~ 
production can be examined before any change in the bulk of proto- 
plasm  has brought  about a  significant  alteration  in the quantity of 
COs produced.  For this purpose we have made use of radish seeds, 
and have measured the COs given off, before germination has had time 
to  take place.  Doubtless,  cell division and  growth  were beginning 
to  take  place  while  the  measurements  were  being  made,  but  any 
changes in COs production which occurred as a result were not suffici- 
ent to mask the effects produced by the radiations. 
The  output  of CO~ was measured  in  the  apparatus  described by 
Osterhout. 1  Fifty or seventy seeds were moistened and spread over 
the surface of a  test-tube.  Air was circulated between this test-tube 
10sterhout, W. J. V., Y. Gen. Physiol., 1918-19, i,  17. 
297 
The Journal of General Physiology298  METABOLISM AND  GROWTH IN  SEEDS 
and another containing dilute NaOH and phenol red, and a  measure- 
ment was made of the time required for the liberated CO2 to change 
the reaction of this solution from pH 7.60  to pH 7.09.  The rate of 
COs production per seed was expressed by the reciprocal of this time 
divided by the number of seedsY  During the measurement the tube 
containing the seeds was immersed in a  water bath at constant tem- 
perature,  usually at  25°C. 
In order to determine the accuracy of the method,  and the varia- 
tions which would result from measuring different groups of seeds a 
series of control experiments was performed.  In each the seeds were 
divided into  two numerically equal lots,  and six or eight successive 
measurements made of the COs production.  Table I  shows that the 
TABLE I. 
Comparison of Unradlated Seeds. 







COt production per seed.* 
Lot I. 
630"-  6.8 
696"-  4.3 
1516"- 18 
286 -~  2.5 
480"-  2.67 





252 -~  2.6 
354"-  2.83 
422"- 13.8 
Difference. 
~b$l  e C~nt 
-4-3.1 
"~11.0 




* Method of calculating exphined in the text. 
probable  error of the mean of the successive measurements  on  any 
lot does not exceed as a  rule 5  per cent.  The percentage  difference 
in measurements of different lots is less than  13 per cent in  all  but 
one of the experiments. 
The ability of the seeds to germinate and grow was  examined  by 
placing comparable lots  of seeds  on moist filter paper.  They  were 
covered by a large glass vessel to prevent rapid drying, but access of 
fresh air was not completely cut off.  It was found that at least 95 per 
cent of unradiated seeds germinated and grew under these conditions. 
The seeds were weighed in the dry condition and the CO, production esti- 
mated per gram of seeds.  The relative CO2 productions of different lots of seeds 
expressed in this way did not differ materially from those obtained by the method 
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The seeds were exposed to the 8- and v-rays of radium by placing 
them  in  the  dry  condition in  a  test-tube,  closely packed  about  a 
glass tube containing radium emanation.  8  The a-rays failed to pene- 
trate the walls of the tube; in comparison to the B-rays, the ~/-rays 
doubtless contributed to the effect in negligible degree owing to their 
limited absorption in the seed.  2 days after radiation the seeds were 
moistened and the CO2 production was determined.  They were then 
given an opportunity to germinate and grow.  In each  experiment 
an equal number of unradiated seeds was kept as  a  control.  Their 
C02 production was measured and they were then set to germinate 
on the same moist filter paper  and under the same cover with the 
radiated seeds. 
TABLE  II. 
Comparison between Radiated and Unradialed Seeds. 








C02 production per seed.* 
Radiated.  Control. 
851  748 
877  777 
753  544 
696  445 
445  370 
360  216 
Difference. 
per vcni 
+  13.8 
+  12.9 
+  38.4 
+  56.2 
-{- 20.4 
+  66.5 
Amount germinated  on 3rd day. 
Radiated.  Control. 
per vent  #er vent 
26  59 
19  81 
28  100 
16  72 
40  90 
23  98 
* Method of calculating explained in text. 
Table II, containing the results of six experiments, shows that the 
difference in the rate of CO~ production between radiated and unradi- 
ated seeds is greater in almost every case than that found between 
comparable lots of unradiated seeds, and that the rate of C02 production 
in radiated seeds is invariably greater than in the corresponding unradi- 
ated  control.  In  comparison to  this it is seen that the germination 
of  the  radiated  seeds  is  retarded  to  a  marked degree.  A  notable 
feature is that the radiated seeds germinate much more slowly than 
normal for it usually requires 2 days before any of these seeds send out 
roots, and the number of seeds which have done so increases from day 
3  We are indebted to Dr. William  Duane for placing a supply of radium belong- 
ing to the Cancer Commission  of Harvard University at our disposal. 300  METABOLISM  AND  GROWTH  I~  SEEDS 
to day much more slowly than in the case of the controls.  In addition, 
many seeds seem to be permanently prevented from germinating,  so 
that  at the end of a week the number which have commenced to grow 
is far below that found in a lot of unradiated seeds.  The seeds which 
fail to germinate as the result of radiation are not killed, as is shown 
by  the  undiminished  COs production.  Twenty-five radiated  seeds 
from the radiated lot described in the fourth experiment  of Table II 
which  had failed to germinate  after 7 days still  produced CO2 at a 
rate of 606 units per seed. 
These  results  indicate  that  no  direct  relation  exists  between  the 
effect of ~-rays on COs metabolism and growth in radish  seeds.  In 
this  respect they recall  the  observation of  Warburg  4 and  Loeb and 
Wasteneys, 5 that  by  decreasing  the  hydrogen  ion concentration  of 
sea water, the 05 absorption of echinoderm eggs increases and at the 
same time segmentation is prevented. 
Kimura  ~ has  shown  that  if  living  carcinoma  and  sarcoma  cells 
from the mouse are exposed in vitro  to weak doses of x-rays the proc- 
esses of  oxidation  which  lead  to COs production are stimulated and 
that in the case of the sarcoma the growing power is increased to some 
extent.  Stronger  radiation  diminishes  the  CO~  production  of both 
types of cell and destroys their power of mitotic division and growth. 
The important  point which  is demonstrated  by the present  experi- 
ments, in contrast to those of Kimura, is that the changes in the rates 
of COs production and cell division do not always go hand in  hand;  one 
may be increased by exposures which retard the other.  This conclusion 
is not  as unexpected as it may appear at first,  for the pathological 
changes  which  are  produced in living matter  by radiations,  i.e.  the 
malformation of embryos, must be due to an unequal effect on various 
processes which go on side by side.  If all processes were affected alike 
their courses might be run more rapidly or more slowly, but at any 
instant the conditions of equilibrium in the tissue would not be abnor- 
mal.  It is the specific action of radiations  on  certain physiological 
processes in contrast to others which accounts for the characteristics 
of their effects. 
4 Warburg, 0., Z. Physiol. Chem., 1910, lxvi, 305. 
Loeb, J., and Wasteneys, It., J. Biol. Chem., 1913, xiv, 355. 
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It is because radiations have a  specific action on certain physio- 
logical processes in contrast to others that their characteristic effects 
are produced.  Consequently it is unjustifiable to make any general 
assumption concern{ng their action on the chemical changes of living 
matter as a whole. 